1. Introduction
===============

The neurodevelopmental model of schizophrenia posits that the etiological origins of the disease can be traced to events in the prenatal period.^\[[@R1]--[@R5]\]^ Neurodevelopmental abnormalities begin as early as the first trimester or early second trimester,^\[[@R6]\]^ and have been suggested to cause a biological vulnerability that likely continues into adolescence and young adulthood.^\[[@R7],[@R8]\]^ In support of this neurodevelopmental model of schizophrenia, higher rates of neurodevelopmental markers such as minor physical anomalies (MPAs) have been suggested as risk factors for schizophrenia and are of potential pathophysiological significance.^\[[@R9]\]^

Minor physical anomalies are subtle morphological deficits of the head, face, hands, and feet that are usually determined by the presence of qualitative characteristics (such as epicanthus, hypertelorism, adherent earlobes, steepled palate, and single transverse crease).^\[[@R10]\]^ Embryology studies have demonstrated that brain and craniofacial morphogenesis are closely related,^\[[@R11]\]^ supporting an association between schizophrenia and MPAs. Indeed, MPAs have been found in higher frequencies among individuals with schizophrenia than in healthy controls.^\[[@R12]--[@R14]\]^ Some studies also found that the patients with schizophrenia had significantly more MPAs than the patients with bipolar disorders.^\[[@R15],[@R16]\]^ The bipolar patients showed higher MPA scores than normal controls.^\[[@R16],[@R17]\]^ In addition, a meta-analysis has implied that the MPA scores in autism patients were significantly higher than those of controls.^\[[@R18]\]^ Brain imaging studies have also reported regional neuroanatomical changes associated with MPAs, suggesting that such physical signs could be markers for aberrant brain development.^\[[@R19]\]^

Although several case-control studies have suggested a significant association between MPAs and schizophrenia,^\[[@R12],[@R14]\]^ family studies have produced inconsistent results. Some studies found intermediate scores for relatives of patients,^\[[@R20]--[@R22]\]^ but a meta-analysis did not find a difference in MPA scores between relatives of patients and healthy controls.^\[[@R23]\]^ These discrepancies may stem from the inherent qualitative nature of most MPAs evaluated. Other studies have used anthropometric measurements as a more objective and quantitative way to characterize craniofacial MPAs in patients with schizophrenia.^\[[@R24],[@R25]\]^ However, most used different modified versions of the Waldrop scale,^\[[@R10]\]^ which is comprised mainly of qualitative MPA items. Thus, few intrinsically quantitative features have been included in most MPA scales.^\[[@R26],[@R27]\]^

The onset of schizophrenia commonly occurs in the late teens or early adulthood.^\[[@R28]\]^ Most studies define early-onset schizophrenia (EOS) as symptom expression before 20 years of age.^\[[@R29]--[@R31]\]^ Age of onset is considered an important clue to the pathogenesis of schizophrenia.^\[[@R28],[@R32]\]^ Earlier onset could reflect a stronger genetic propensity, as EOS patients tend to have a higher familial loading than adult-onset schizophrenia (AOS) patients.^\[[@R33]\]^ Past studies have reported that EOS is associated with a poorer prognosis and resistance to treatment.^\[[@R28],[@R34]\]^ Association between EOS and poor outcomes such as social withdrawal, suicide, symptom severity, and negative cognitive impacts have been reported.^\[[@R35]--[@R37]\]^ Early symptoms such as social withdrawal can seriously affect a young patient\'s academic career and social cognition, leading to negative developmental outcomes in adulthood. Thus, age of onset is a key factor in the prognosis of patients with schizophrenia and seems to be strongly determined by genetic factors that affect prenatal development and enhance susceptibility to subsequent stressors.

Only 1 study has investigated the association between MPAs and onset age,^\[[@R38]\]^ reporting significantly higher MPA scores in EOS patients than AOS patients. However, this was a small-sample study with no assessment of predictive validities and no covariate adjustment. Moreover, no family-based study to our knowledge has assessed the associations of MPAs with EOS and AOS. In this study, it is hypothesized that EOS would have more familial aggregation, possibly due to stronger underlying genetic association. The specific aims are as follows: to estimate the predictive validities of MPAs for EOS and AOS using a combined qualitative and quantitative MPA scale and 3 different models; and to assess the magnitude of familial MPA aggregation in EOS and AOS families.

2. Methods
==========

2.1. Participants
-----------------

Schizophrenia patients were recruited from 3 medical institutions in southern Taiwan---the Chimei Medical Center, Jianan Mental Hospital, and Lok An Hospital. Data were collected from April 2011 to November 2015. Patients were recruited from inpatient wards and outpatient clinics, and included if they met the criteria for schizophrenia in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV-TR). Members of the hospital staff and community without a history of psychiatric disorders were recruited as the healthy control group. All participants in this study were Taiwanese Han Chinese. Participants included 251 schizophrenia patients, 147 first-degree relatives without psychotic symptoms, and 241 healthy controls. Participants were interviewed by well-trained research assistants using the Chinese version of the Diagnostic Interview for Genetic Studies (DIGS),^\[[@R39]\]^ a structured interview for studies on psychiatric disorders, to confirm the suitability of recruits. In this study, the dataset included the baseline information of participants (i.e., sex, age, weight, height, and body mass index \[BMI\]) and measurements of minor physical anomalies and craniofacial features. We also recorded age at onset and duration of illness in the patients with schizophrenia. Participants were excluded if they had a history of illegal substance or alcohol abuse, identifiable neurological disorders, mental retardation, or somatic disorders with neurological components, or a parent who was not Han Chinese. Ethics approval was obtained for the recruitment procedures and study designs from the relevant institutional review boards (IRBs) of participating hospitals.

2.2. Age at onset of schizophrenia
----------------------------------

Although most studies of EOS state that the symptoms need to be diagnosed before the patient is 20 years old,^\[[@R29]--[@R31]\]^ a different cut-off point may influence the results. Thus, we used several cut-off points for the age of onset to identify the best cut-off point for these studies. Past studies have also shown that that the peak ages of onset are 20 to 24 years for males and 25 to 29 years for females.^\[[@R40]\]^ However, a recent meta-analysis study suggested that the sex difference in age of onset is smaller than previously thought.^\[[@R41]\]^ Therefore, we considered the sex effect on age at onset, and analyzed the different cut-off ages by sex.

2.3. Measurements
-----------------

### 2.3.1. Assessments of minor physical anomalies and craniofacial features

Minor physical anomalies were assessed by an extensive evaluation of body characteristics upon recruitment. The qualitatively measured MPAs and quantitatively measured craniofacial features compiled from the Waldrop scale and other previous scales were measured as described.^\[[@R34]\]^ The scale for qualitative measurement of MPAs was based on that developed by Ismail et al and included 41 items. The morphological anomalies examined were located in 6 different body regions: head, eyes, ears, mouth, hand, and feet. Thirty-three items determined the presence or absence of anomalies, and the other 8 were scored using an ordinal scale (0, 1, and 2) to express the magnitude of the anomaly. These MPAs were assessed separately on the right and left sides in 28 symmetrical anatomical sites. The items for each region were calculated as subscores, and all subscores were summated to yield the total qualitative MPA score. The quantitative measurements included 27 craniofacial areas, including separate right and left-side measurements of 11 bilateral anatomical sites. The standardized method described in the 2 most cited books on anthropometric measurements was adopted.^\[[@R42],[@R43]\]^

Two well-trained research assistants conducted all qualitative assessments and craniofacial measurements used for the combined MPA scale. Both research assistants collected data from 20 healthy subjects to ensure a reliable study. The inter-rater reliability for the qualitative items ranged from 0.95 to 1.00, and the intraclass correlation coefficients of quantitative items ranged from 0.70 to 0.99.

2.4. Prediction models
----------------------

Three different hybrid classification approaches were used: artificial neural networks (ANNs), decision trees (DTs), and logistic regression (LR). ANN is a computational model based on the construction of biological neural networks. ANN has become well-established with strong potential to be effective in any subject, especially medicine.^\[[@R44]\]^ DTs are a tree-like graph or model of decisions and their possible consequences using interpretable rules or logic statements (if-than statements).^\[[@R45]\]^ LR is a prediction model where the dependent variable is categorical.^\[[@R46]\]^ The following is a brief description of these classification models and their specific applications in this research.

### 2.4.1. Artificial neural networks

Artificial neural network models are based on the structure and function of biological neural networks.^\[[@R46]\]^ Information that flows through the network affects the structure of the ANN (plasticity or learning), thereby altering the input--output relationship. The ANN model includes input, hidden, and output layers. In this study, for the measurement of MPAs, the input layer contained neurons encoding the subtotal scores of qualitatively measured MPAs (head, eyes, ears, mouth, hand, and feet) and quantitatively measured craniofacial features. In the hidden layers, the system was optimized using training and validation data in a trial-and-error process to maximize predictive accuracy.^\[[@R47]\]^ The output layer in each model had only 2 neurons: cases and controls.

### 2.4.2. Decision trees

Decision trees are a simple but powerful tool for multiple variable analysis. The nodes of a DT model break down a dataset into progressively smaller and smaller subsets, whereas an associated DT is incrementally developed at the same time. The steps of DT learning are to select the most discriminative variable for data partitioning; repeat the partitioning until the nodes are correctly classifying and predicting use as terminal nodes; and prune the completed tree to avoid overfitting.^\[[@R48]\]^ In our model, we used the DT model with Classification and Regression Tree (CART) to distinguish the items in MPAs.

### 2.4.3. Logistic regression analysis

Logistic regression is the most generalized of the linear regressions.^\[[@R49]\]^ It is used for predicting binary or multiclass dependent variables. Whereas LR is a powerful modeling tool, it assumes that the response variable is linear in the coefficients of the predictor variables. In addition, the investigators need to choose the right inputs and specify their correct functional relationship to the response variable. The formula logit(*p*) = *b*~0~ + *b*~1~*x*~1~ + *b*~2~*x*~2~ + ... + *b*~k~*x*~k~ was used for calculating the probability of the characteristic of interest in our study, where 1 = patient with schizophrenia and 0 = healthy control. We used the stepwise method for variable selection.

2.5. Statistical analysis
-------------------------

Group comparisons in demographic features were conducted using the chi-square test for sex and mixed-effect models for onset age, age, weight, height, and BMI in the measurements of MPAs. Afterwards, we used 2 data-mining algorithms (ANNs and DTs) and a commonly used statistical method (LR) to develop the prediction models. This study also used 10-fold cross-validation for unbiased estimates of prediction performance. We then compared MPA scores among EOS, AOS, and healthy controls using multiple linear regression, and compared MPA scores among the relative of EOS, the relative of AOS, and healthy controls using mixed-effect models, and adjustments for sex, age, and BMI.

We further assessed familial aggregation of MPA scores in EOS and AOS families using the relative recurrence-to-risk ratio. For recurrence-to-risk ratio analyses, affection status was operationally defined as having MPA deficits, with the MPA score below a prespecified cut-off value. The λ coefficient was calculated as the ratio of the recurrence risk among relatives compared with the prevalence of the general population as follows^\[[@R50],[@R51]\]^: 

The previous studies usually used average value of the total qualitative or quantitative MPA scores to compare the differences among the study groups.^\[[@R24],[@R38]\]^ The present study is the first study to investigate the familial aggregation and age at onset in schizophrenia. Therefore, we attempt to use different cut-off points of MPAs to estimate the recurrence risk ratio for age at onset in schizophrenia. We constructed the ANN, DT, and LR models using SAS Enterprise Miner version 12.1. Other statistical analyses were performed using SAS statistical software, version 9.3 (SAS Institute, Cary, NC).

3. Results
==========

3.1. Group characteristics
--------------------------

This study included schizophrenia patients divided into 2 subgroups by onset age: EOS patients with onset of symptoms before the age of 20 years and AOS patients with onset after the age of 20 years. The mean age of onset for EOS and AOS patients was well-separated (16.93 and 27.96 years, respectively). The nonpsychotic first-degree relatives of schizophrenia patients were divided into relatives of EOS patients and those of AOS patients. Mean weight and BMI were higher in patients compared with nonpsychotic relatives and healthy controls (Table [1](#T1){ref-type="table"}). There were also a greater number of males among schizophrenia patients than nonpsychotic relatives and healthy controls.

###### 

Characteristics of schizophrenia patients, nonpsychotic relatives, and healthy controls.
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3.2. Prediction models of early-onset schizophrenia and adult-onset schizophrenia using MPAs
--------------------------------------------------------------------------------------------

We used 2 data-mining algorithms (ANNs and DTs) and a commonly used statistical method (LR) to develop the prediction models. All variables (qualitatively and quantitatively measured MPAs) were used to construct the initial models. To predict EOS, 3 qualitative MPA regional scores (eyes, mouth, and hands) and 3 quantitatively measured craniofacial features (interpupilary distance, mouth width, and palate width) were selected for construction of all 3 models (Table [2](#T2){ref-type="table"}). To predict AOS, 2 qualitative MPA regional scores (eyes and mouth) and 2 quantitatively measured craniofacial features (mouth and palate width) were selected for construction of all 3 models. Other variables were used for only some models in specific subgroups. The variables for MPA regions were not found to be significantly different between EOS and AOS.

###### 

Minor physical anomalies (MPAs, input variables) used in data mining model construction to distinguish among early-onset schizophrenia patients, adult-onset schizophrenia patients, and healthy controls.
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Table [3](#T3){ref-type="table"} shows the performance metrics area under the curve (AUC), accuracy, sensitivity, and specificity of each model constructed using qualitative measurement only, quantitative craniofacial features only, and combined MPAs (qualitative and quantitative MPAs) for EOS patients, AOS patients, and all patients. Past research has shown that the 10-fold cross-validation method yields an unbiased estimate of prediction model performance.^\[[@R52]\]^ Therefore, each model was built and then validated with full data and 10-fold cross-validation. The range of accuracy of combined MPAs using 10-fold cross-validation was from 0.81 to 0.89 for predicting EOS, and 0.71 to 0.76 for predicting AOS. It is worth noting that the EOS group had higher AUC and accuracy values than the AOS group for all 3 MPA measurement scales (i.e., qualitative, quantitative, and combined).

###### 

Performance comparison of MPA-based ANN, DT, and LR models for training full data and 10-fold cross-validation results.
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3.3. Comparison of MPA scores for early-onset schizophrenia, adult-onset schizophrenia, and nonpsychotic relatives versus healthy controls
------------------------------------------------------------------------------------------------------------------------------------------

Qualitative and quantitative scores, and combined MPA scores were significantly higher in the EOS group than in the control group (all *P* \< 0.001). Similarly, qualitative and quantitative scores, and combined MPA scores were significantly higher in the AOS group than in the control group (all *P* \< 0.01), whereas there were no differences between EOS and AOS groups (Table [4](#T4){ref-type="table"}). Qualitative, quantitative, and combined MPA scores were also higher in the nonpsychotic relatives of EOS patients than controls (all *P* \< 0.05) (Table [5](#T5){ref-type="table"}). Qualitative MPA scores did not differ significantly between nonpsychotic relatives of AOS patients and healthy controls. The difference in combined MPA scores between nonpsychotic relatives of EOS patients and controls showed a higher level of significance than that between nonpsychotic relatives of AOS patients and healthy controls (*P* = 0.0001 vs *P* = 0.02).

###### 

Comparison of MPA scores for patients with early-onset and adult-onset schizophrenia versus healthy controls.
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###### 

Comparison of MPA scores for nonpsychotic relatives of early-onset and adult-onset schizophrenia versus healthy controls.
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3.4. Familial aggregation of MPAs in early-onset schizophrenia and adult-onset schizophrenia families using recurrence risk ratios
----------------------------------------------------------------------------------------------------------------------------------

The recurrence risk ratios of MPA scores for nonpsychotic relatives of EOS patients and AOS patients were estimated using a series of qualitative, quantitative, and combined MPA cut-off scores. Each participant\'s MPA scores were categorized as MPA(+) or MPA(−) according to the chosen cut-off and the proportions above or below the specified cut-off points calculated for probands, nonpsychotic relatives, and healthy controls (Table [6](#T6){ref-type="table"}). For qualitative MPAs, the recurrence risk ratios for nonpsychotic relatives of EOS patients were greater than for nonpsychotic relatives of AOS patients. For example, for a cut-off ≥10, risk ratios were 4.16 (95% confidence interval \[CI\] 2.05--8.43) for EOS and 2.56 (95% CI 1.06--6.19) for AOS families. For quantitative craniofacial features, the only nonsignificant differences were detected for a cut-off ≥7. This may be due to the high number of participants classified as MPA(+) when the cut-off point was ≥7. At this cut-off point, 62% of healthy controls were MPA(+); therefore, this low cut-off does not have enough power to distinguish EOS and AOS families from healthy controls. For combined MPAs, there was a larger distinction between EOS and AOS families. For a cut-off point of ≥20, risk ratios were 14.76 (95% CI 4.79--45.43) for EOS families and 5.30 (95% CI 1.22--23.02) for AOS families. These findings demonstrate a familial aggregation of MPAs in first-degree relatives of schizophrenic patients, especially in families of EOS patients. We observed that EOS families have higher familiar aggregation than AOS ones in most MPA cut-off points. Moreover, the difference between EOS and AOS families is revealed most clearly using combined MPA scoring.

###### 

Proportion of subjects with MPA scores above a threshold cut-off (MPA\[+\]) and the corresponding recurrence risk ratio.
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4. Discussion
=============

To the best of our knowledge, this is the first study to compare familial aggregation of MPAs between families of EOS and AOS patients. In addition, this is the first study to assess the predictive ability of MPAs for distinguishing among EOS patients, AOS patients, and healthy controls. To these ends, we used 3 prediction models and 10-fold cross-validation for performance evaluation. The ANN model proved superior to DT and LR models, and in general provided better discrimination of EOS than AOS patients from healthy controls. There is clear familial aggregation of MPAs in both EOS and AOS families, but aggregation was stronger in EOS families. These findings have important implications for disease etiology, suggesting a major role for embryonic neurodevelopmental disruptions, which may be stronger in EOS due to higher genetic susceptibility and/or shared environmental factors.

Early-onset schizophrenia patients express more severe premorbid neurodevelopmental abnormalities^\[[@R53]\]^ and poorer psychosocial outcomes than AOS patients.^\[[@R54]\]^ EOS also tends to be more treatment-resistant,^\[[@R34]\]^ and may reflect a more severe form of the disorder associated with a greater genetic predisposition than AOS.^\[[@R55]\]^ In the current study, all MPA-based models showed greater predictive validity for EOS than AOS, and familial aggregation was higher in first-degree relatives of EOS patients, supporting a neurodevelopmental model where childhood/adolescent-onset schizophrenia may represent a more malignant disorder caused by more severe in utero neurodevelopmental disruption (as reflected by MPAs) due to greater genetic susceptibility.

Minor physical anomalies may be an indirect index for early prenatal central nervous system (CNS) dysplasia.^\[[@R14]\]^ In our study, the difference in combined MPA scores between nonpsychotic relatives of AOS patients and healthy controls was smaller than that between nonpsychotic relatives of EOS patients and healthy controls. This suggests that EOS patients have stronger genetic risk for CNS maldevelopment and possibly greater genetic susceptibility to stressors (prenatal and/or postnatal) than AOS patients. This finding may explain the inconsistent results of past studies of MPAs in nonpsychotic relatives. Some studies reported higher overall MPA scores for patients than for controls,^\[[@R14]\]^ and intermediate scores for relatives,^\[[@R25],[@R56]\]^ whereas others found no difference between relatives and healthy controls.^\[[@R23]\]^ However, the studies did not distinguish EOS from AOS, and we show a clear difference in MPAs between families of EOS and AOS patients. This assumption needs more evidence to prove.

Early-onset cases could provide a unique opportunity to understand the pathophysiology of schizophrenia. EOS also involves a more severe early disruption of brain development than AOS due to greater environmental or genetic liability.^\[[@R55]\]^ Recent longitudinal brain imaging studies have demonstrated that EOS patients exhibit more exaggerated developmental brain changes than healthy age-matched controls.^\[[@R57]\]^ Our study indicated an extended period of abnormal neurodevelopment in schizophrenia in addition to an earlier biological vulnerability.^\[[@R7]\]^ The comprehensive assessment of the familial aggregation of MPAs found significant aggregation of MPAs in both EOS and AOS families. The trends depended heavily on the cut-off scores chosen, but were generally stronger in EOS families. Past studies reporting that some schizophrenia-susceptibility genes and chromosomal abnormalities are associated with EOS and severe premorbid neurodevelopmental abnormalities are also consistent with this neurodevelopmental hypothesis.^\[[@R58]\]^ Normally, both environmental and genetic components contribute to familial aggregation. However, familial aggregation does not show the extent of the effect caused by genetic or environmental factors.^\[[@R59]\]^ Furthermore, MPAs are markers of ectoderm maldevelopment during embryo gestation. Past research has also shown that MPAs may be influenced by genetic factors and represents a risk marker for schizophrenia, resulting from a prenatal risk event.^\[[@R60]\]^ Therefore, the familial aggregation of MPAs in schizophrenia might be contributed by genetic factors.

A methodology review article showed that ANN has better discriminatory power and generally outperforming than LR in most studies,^\[[@R61]\]^ and another study also found that ANN had good performance than DT.^\[[@R62]\]^ Our study observed the similar results that ANN has higher accuracy than LR and DT in most results. Moreover, most studies defined EOS as symptom onset before the age of 20.^\[[@R29]--[@R31]\]^ We tested several cut-off ages of onset. A cut-off age of 20 years yielded the highest AUC and adequate sample size (Supplementary Table S1). We further considered the sex effect in age of onset, and found that a cut-off of 20 years yielded the highest AUC regardless of patient sex with adequate sample size (Supplementary Tables S2 and S3). Therefore, we followed past studies and classified EOS as onset before age 20 years and AOS as onset after age 20 years.

This study has several limitations. First, although MPAs and craniofacial features are indicators of disrupted embryonic development unaltered by the subsequent illness,^\[[@R58]\]^ they may not necessary reflect neurodevelopmental disturbances. Second, some of the young relatives may imply that they had not passed through the age of risk for schizophrenia, and this might lead to misclassification. Third, some participants past the onset age of schizophrenia may have recall bias when the interviews were conducted.

In conclusion, these findings suggest the selected MPAs could distinguish EOS and AOS patients from healthy individuals, with higher accuracy for EOS patients. Furthermore, this study demonstrated a greater MPA aggregation in EOS relatives than AOS relatives. Although familial aggregation does not necessarily equal genetic contribution, the results imply that the shared genetic association between schizophrenia patients and their relatives is a potential trait marker that may be useful for further research into the genetics and pathophysiology of schizophrenia, especially for EOS. Findings that EOS patients exhibit more severe MPAs, which presumably form during fetal development as a result of prenatal insults, abnormal brain structure, and functional and genetic factors, provide evidence for the neurodevelopmental model of schizophrenia. It is increasingly evident that schizophrenia is best understood as a disorder (or cluster of disorders) of brain development that disrupts specific domains of cognition, emotion, and behavior.^\[[@R63]\]^ The National Institute of Mental Health\'s Research Domain Criteria project attempts to create a new kind of taxonomy for mental disorders by incorporating genetics, imaging, cognitive science, and other levels of information.^\[[@R64]\]^ MPAs may be useful biomarkers for predicting schizophrenia onset or prognosis. Moreover, MPAs may reflect specific genetic vulnerabilities or genetic × environment interactions involved in schizophrenia.
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